We investigate the engraving of spectral holograms in porphyrin-derivative-doped solids, where a tautomerization process gives rise to persistent spectral hole burning at low temperature. Starting with a microscopic model of this process, we build a theory that connects conventional narrow-band hole burning with the engraving and retrieval of broadband holograms, in samples with possibly large optical density. The theory is consistent with the experiment that we designed to check it.
INTRODUCTION
The persistent spectral hole-burning (PSHB) mechanism in free-base porphyrin-derivative-doped solids is usually well understood as a light-induced tautomerization reaction at low temperature. The displacement between the two tautomer-resonant spectra depends on both dopant molecules and matrix. Distinct hole-burning product spectra have been experimentally observed in a porphyrin-doped crystalline matrix in which the tautomers have well-separated absorption peaks because the spectral separation is larger than the site inhomogeneous broadening. One observes that a narrow hole always corresponds to a relatively broadened distribution of the photoproduct. The inverse tautomeric process from the product to the educt can occur, provided one irradiates at the product resonant frequency. The detection of the photoproduct in amorphous hosts is more difficult since the spectral shifts of the products from the reactants are usually less than the inhomogeneous width ⌫ in .
In spectral holography experiments, 1 data are engraved in the shape of spectral gratings that span a large section of the absorption band. Hologram storage involves large-bandwidth laser pulses. The spectral distribution of photoproducts is then a crucial issue under large burning exposure conditions since a molecule may undergo successive phototautomerizations if the photoproduct frequency falls within the storage bandwidth.
Broadband spectral holography can also be regarded as a new experimental way for approaching the hole-burning process. Additional information is added to our knowledge of this mechanism. It implies that its theoretical description has to be consistent, not only with the standard burning of a spectral hole in the absorption profile by a monochromatic laser, but also with hole burning by broadband sources and with diffraction on a hologram engraved over a broad spectral window.
In a previous work 2 we determined the frequency dependence of the photochemical transformation that gives rise to PSHB. This was achieved under low-exposure conditions with a laser spectrum that spanned the entire absorption band. The precise nature of the hole-burning mechanism did not affect the observed quantities.
The scope of the present investigation is different. The large-exposure conditions make the observed signals dependent on the hole-burning mechanism. A theoretical model is needed to connect the microscopic hole-burning mechanism with hologram engraving. In addition, one has to build a unified analysis of light propagation that relates the hole depth measured in conventional experiments with the diffraction efficiency on a broadband spectral hologram.
We have been investigating spectral holography in octaethylporphine-doped polystyrene (OEP/PS).
Although the hole-burning process has been studied extensively in this material, the spectral distribution of PSHB products has not been clearly determined so far. However, some observations indicate that the products spread over a broad spectrum, which overlaps that of the educt. 3, 4 This work occupies an intermediate position between time-resolved four-wave mixing and monochromatic holography. 5, 6 The connection between these different coherent processes deserves to be investigated carefully. However, we presently specialize in the contribution of photoproducts to the broadband holographic signal.
The hole-burning model is presented in Section 2. In Section 3, light propagation is described within the frame of the coupled-wave theory [7] [8] [9] that is adapted to PSHB materials. The hologram-engraving calculation is outlined in Section 4. The theory leads to the computation of the diffraction efficiency in Section 5. The experimental data are examined in the light of the theoretical achievements in Section 6. Results are summarized in Section 7.
aromatic delocalization path is defined by an 18-annulene system of isolated double bonds on the porphyrin periphery and changes with the different position of the pair of inner proton-nitrogen bonds as shown in Fig. 1(a) . For the light-excited electronic transition on the Q x (0 -0) band a molecule can be regarded as an oscillator whose optical dipole P is directed along the long axis of the electron-delocalization path that coincides with the H -H axis. 10 The optical dipoles corresponding to the two tautomeric forms are oriented perpendicularly to each other in the molecular plane. The molecule is stable in the ground state at low temperature. It can swing from one tautomeric form to the other when excited in the upper state of the first electronic transition. Return to the electronic ground state proceeds through a long-lifetime (Ͼ10-ms) triplet state. In this transformation the optical dipole undergoes a 90°rotation in the molecular plane. 11, 12 A coordinate system (X, Y, Z) is attached to each molecule in such a way that the Z axis is normal to the molecular plane and the two tautomeric dipole directions are labeled as X and Y, respectively. In the laboratory frame (ijk), the external electromagnetic field is polarized along the unit vector e k [see Fig. 1(b) ]. The Euler angles of an optical dipole oriented along X and Y are, respectively, denoted as (, , ) and (, , ϩ /2). The unit vector e k can be expressed in the molecular frame as e k ϭ ͫ sin sin sin cos cos
Considering that the molecules are randomly oriented in the amorphous host, the angles , , and range, respectively, in [0, 2], ͓0, /2͔, and [0, ].
Now we examine the host influence on the molecular resonant frequency. The energy states of the two tautomers are diagrammed in Fig. 2 as double-well potentials. 3 For an isolated molecule the double-well potential has a symmetric structure that implies an identical resonant frequency for both forms. This is not true when the molecule is embedded in an amorphous host. The guest/host interaction usually deforms the potential wells, and results in a splitting of the resonant frequencies of the two tautomers. The PSHB model that we propose relies on the two following assumptions:
(1) When a group of molecules is burnt at an initial state (, , , ), the photoproduct dipoles are switched into direction (, , ϩ /2), with various resonant frequencies Ј. For the sake of convenience the directions (, , ) and (, , ϩ /2) are denoted, respectively, by ⍀ and ⍀Ј hereafter.
(2) If a molecule burnt at (⍀, ) relaxes to its tautomeric form at (⍀Ј, Ј), it comes back to its initial form when it is reburnt at Ј.
Let n(⍀, r, ͉Ј) represent the distribution of molecules at position r within the sample, resonant at , heading in direction ⍀, which can be converted into a tautomeric form heading in direction ⍀Ј, resonant at Ј. When the molecular system is burnt by a light field E(r, ) polarized in direction e k , the kinetic equation of the photochemical reaction is written as dn͑⍀, r, ͉Ј͒ dt ϭ Ϫ͑⍀, r, ͒n͑⍀, r, ͉Ј͒ ϩ ͑⍀Ј, r, Ј͒n͑⍀Ј, r, Ј͉͒.
(2.
2)
The first term on the right-hand side is the result of population decrease caused by the molecular transformation from (⍀, ) to (⍀Ј, Ј); the second term represents the reverse process that increases the population. The transformation rates for the two processes, respectively, read as where ␤ () represents the product of the absorption cross section and the tautomerization quantum efficiency, and I(r, ) ϭ ͉Ẽ (r, )͉ 2 is the spectral intensity of the burning light. One implicitly assumes that the photochemical process has enough spectral resolution to imprint the spectral profile of the burning light into the photosensitive material. We admit that this resolution is given by the homogeneous width of the transition, ⌫ hom , which is supposed to be smaller than the narrowest spectral structure in I(r, ). This description also requires that the optical excitation is not hampered by radiative saturation. More precisely, one assumes that the relative population in the triplet state is smaller than unity.
The molecule conservation is written as
4) where n 0 (͉Ј) represents the initial distribution of the molecules that swing from to Ј when they undergo a tautomerization reaction. This initial distribution is assumed to be isotropic with respect to dipole orientation. Substitution of Eq. (2.4) into Eq. (2.2) leads to the following equation for n(⍀, r, ͉Ј):
The solution of this equation is then integrated over Ј, and one gets the density of molecules heading in direction ⍀ at frequency : n͑⍀, r, ͒ ϭ ͵ n͑⍀, r, ͉Ј͒dЈ. (2.6) Angular averaging finally leads to the following expression of the absorption coefficient for a field polarized in direction e k :
where, e X • e k ϭ sin sin , ͗(e X • e k ) 2 ͘ ⍀ ϭ 2 2 /3, and ␣ 0 is the initial absorption coefficient at the line-center frequency 0 .
In order to proceed further, one has to specify n 0 (͉Ј). We assume that the tautomeric forms have the same spectral profile and that the molecules resonant at frequency , with their optical dipole oriented in direction ⍀, are evenly redistributed over the entire bandwidth if they undergo a tautomerization reaction, irrespective of their initial frequency . Then n 0 (͉Ј) reads as
where n 0 () represents the initial molecule density. The latter function is represented by a Gaussian profile,
where the inhomogeneous width ⌫ in is taken as the full width at half-maximum of this function.
The tautomerization model connects the spectral density of fluence with the spatial and spectral distribution of the absorption coefficient. The equilibrium spectral distribution n 0 (͉Ј) contains the crucial assumptions of the model. It determines the evolution of the system exposed to the burning light. We have to check that the postulated shape of n 0 (͉Ј) is consistent with the measured efficiency of diffraction on a broadband spectral hologram. In order to connect the microscopic model with hologram readout, one first has to describe the propagation of light fields through the photosensitive material. This is achieved with the help of the coupled-wave theory, [7] [8] [9] which is adjusted to the specific properties of PSHB media.
COUPLED-WAVE THEORY
As depicted in Fig. 3 , a grating is engraved in a PSHB sample by sequences of reference and object pulses that issue from the same light source and that propagate along directions k 1 and k 2 , respectively, in the x -z plane. After engraving, the grating is shined by a reading pulse along k 1 . We derive the theory needed to describe the propagation and diffraction of these fields.
Since the field does not take any pattern in the y direction, this coordinate can be ignored in the present discussion. The Kramers-Krönig relations of dispersion can be turned into the following expression that links the relative dielectric permittivity to the absorption coefficient ␣(z, x, ):
where k ϭ 2v/c, and the Hilbert operator Ĥ is defined by
Fig. 3. Space-time holography. The reference, object, probe, and signal pulses propagate along k 1 , k 2 , k 3 , and k 4 , respectively. A time separation is set between the reference and the object pulses.
Terms of order k Ϫ1 (⌫ in / 0 )Ĥ ͓␣(z, x, )͔ are neglected in the derivation of Eq. (3.1).
The imaginary and real parts of r (z, x, ) correspond to absorption and refraction, respectively. When a population grating is generated in the medium, an absorption grating is formed and is accompanied by a refraction grating. Both act on the electric field E(r, t) in the medium. The spectral components of the field satisfy the wave equation:
The spatial-population grating engraved by the impinging fields is an x-dependent periodic function. Its period equals 2/K, where K ϭ k 2 Ϫ k 1 and K ϭ ͉K͉. Thus we can expand ␣(x, z, ) as a Fourier series:
where
and p numbers the different spatial modes of the grating. The propagating field is also a periodic function of x, and it can be expanded as the following series of spatial modes:
Substituting Eqs. (3.4) and (3.6) into the wave equation (3.3), we obtain the equation of the coupled waves [7] [8] [9] :
where denotes the (k 1 , k 2 ) angle. The different contributions to the z variation of E គ ( p) (z, ) can be identified as damping, dephasing, and coupling terms. The third component on the left-hand side of the equation accounts for the phase shift that builds up between the propagating field and the periodic structure that generates it. The phase shift per length unit is ͓(k 1 ϩ pK) 2 Ϫ k 2 ͔/2k. In the limit of a small angle between k 1 and k 2 , the phase shift accumulated through the sample thickness L reduces to p( p Ϫ 1)L 2 /. The waves p ϭ 0 and p ϭ 1 undergo no phase shift.
ACCUMULATED STORAGE
A hologram is defined by a pair of reference and object pulses. A pulse pair impinges on the medium after the molecules excited by the previous pulses return to the stable state and before the accumulated engraving disappears. One pair of pulses is insufficient to store a detectable hologram. The stability of the spectral holes in this time range allows one to repeat a large number of the same pulse pairs for storing a single hologram. The spatial-temporal interference pattern constructed by each pulse pair is accumulated in the material by the successive modifications of the molecular population by PSHB process. As a consequence, the diffracted holographic signal is enhanced. The accumulation proceeds until the PSHB process is saturated. We assume N pairs are needed for storing one hologram.
The energy spectrum of the laser source is evenly shared between the reference and the object arms. The time interval of the two pulses is denoted by . The space and energy distribution in the mth pulse pair, at depth z in the sample, is denoted as W(z, x, , m), which can be expressed as a function of the field amplitude
where L is the pulse duration. On the front side of the plate it is described as and ϭ Kx ϩ 2. The cosine function describes the space-frequency interference pattern that is built by the fields and imprinted in the molecule ground-state population by the hole-burning process. Its period is 2/K in the x direction and 1 / in the frequency dimension. The oscillation of period 1 / is the narrowest structure of the excitation spectrum. As noticed in Section 2, the modulated spectrum is engraved in the PSHB sample provided that 1 / Ͼ ⌫ hom . The width of the excitation spectrum, ⌬, is assumed to satisfy the condition
Therefore the interference pattern exhibits a large number of spectral fringes within the storage width ⌬. For each spectral component the spatial grating is recorded in the medium as a conventional hologram. However, the spatial and spectral gratings are always linked to each other in the spectrally selective medium. The space-and frequency-independent contribution on the right-hand side of Eq. (4.2) only bleaches the molecular population.
In an optically thick sample, the burning energy decays in the z direction because of absorption. More precisely, as they propagate through the sample, the burning fields decay and are diffracted on the grating that they are building. The multiple components in which they divide themselves obey the coupled-wave Eq. (3.8). We assume that the phase-matching condition
is satisfied. Then the waves in Eq. (3.8) can be combined together so that the field propagation can be expressed as
As a matter of fact, very few waves contribute to energy propagation through the PSHB plate, and condition (4.4) has to be satisfied only by the most-significant low-order waves. Therefore condition (4.4) reduces to
Because of the weakness of each individual pulse pair, the mth pair propagates through a medium that has been modified only by the m Ϫ 1 previous ones. According to Eqs. (4.1) and (4.5), the energy-density propagation equation reads as
where the absorption coefficient ␣(z, x, , m Ϫ 1) reflects the etching action of the previous pulse pairs. In order to calculate the engraved structure, one has to solve the set of coupled equations (2.3)-(2.7) and (4.8), with the boundary-value condition given by Eq. (4.2) and the initial conditions n(⍀, r, ͉Ј) ϭ n 0 (͉Ј), where n 0 (͉Ј) is given by Eqs. (2.8) and (2.9).
From simple arguments, one infers some information on the absorption coefficient spectral structure. Let us assume the energy remains a function of cos as it propagates through the sample. Then, the driving factors (⍀, r, ) and (⍀Ј, r, Ј) in Eq. (2.5) are, respectively, functions of cos and cos Ј (where Ј ϭ 2Ј ϩ Kx). Therefore the population n(⍀, r, ) is a function of cos that contains its high frequency dependence. So the bleaching modified absorption coefficient is also a function of cos , which, according to Eq. (4.8), is consistent with our assumption of the cos dependence of the propagating energy. As a consequence, the Fourier components [Eq. (3.5)] of ␣(r, ) read as
where the integral is a slowly varying function of . The frequency dependence of ␣ ( p) (z, ) is mainly contained in the phase factor exp(2ip) that experiences many oscillations over the storage width ⌬ according to Eq. (4.3).
DIFFRACTION ON THE ENGRAVED GRATING A. Index of Refraction and Absorption Gratings
After the hologram is engraved, a probe field is directed to the sample along k 1 and a diffracted field is detected. The signal amplitude is calculated with the help of the coupled-wave equation (3.8) . It is known that any hologram is twofold. It includes an index of refraction component and an absorption one. This is apparent in Eq. (3.8) , where the waves are diffracted on iĤ ␣ ( p) (z, ) and on ␣ ( p) (z, ), which, respectively, represent the index of refraction hologram and its absorption companion.
One takes advantage of the spectral modulation of the engraved holograms, as depicted by Eq. (4.9), to calculate the Hilbert transform of the absorption coefficient and to clarify the connection between the two holographic contributions. Because condition (4.3) is satisfied, the dependence of ␣ ( p) (z, ) is essentially contained in the phase factor exp(2ip). Then its Hilbert transform can be expressed as
1) It appears that the p Ͼ 0 Fourier coefficients of the index of refraction hologram coincide with those of the absorption hologram while the p Ͻ 0 coefficients cancel each other. The coupled-wave equation (3.8) can be rewritten as
The right-hand-side term of Eq. (5.2) shows the coupling effects that generate a field mode. The pth-order component of the field emerges at a time delay p with respect to the probe field, in direction
The dephasing effects in a thick medium may cancel radiation in high-order modes since the signals emitted at different points within the medium may contribute destructively to the output field. Modes p ϭ 0,1 are always phase matched according to Eq. (3.13). The diffracted field exhibits a unique property that originates from the oscillatory spectral structure of the absorption coefficient. Unlike conventional spatial holograms, the engraving represented by Eq. (4.9) diffracts a given pth order wave into higher-order modes only. Therefore, if the wave p ϭ 0 alone is present in the front side of the sample, its propagation is not affected by that of other waves.
B. Signal Amplitude
With an incident probe pulse directed along k 3 ϭ k 1 the field diffracted in direction k 2 is the solution of the following set of coupled-wave equations:
with the initial conditions
where the laser spectrum is denoted as Ẽ L (). Solving Eqs. (5.3) and (5.4), we obtain
Except for the numerical factor ln 10, it coincides with the optical density. The expression of the signal in terms of the first two Fourier coefficients of the optical density relies only on the assumption that ␣(z, x, ) is a function of cos(K x ϩ 2), and that the dependence described by this cosine is much faster than any other. Thus Eq. (5.8) can be regarded as a general description of a spectral hologram retrieval process in a PSHB material. The diffraction efficiency on the engraved hologram in direction k 2 reads as
Within the limits set by Eq. (4.5) this model is valid for arbitrary optical density, dose, and excitation bandwidth. However, an analytical solution of the equation set does not seem to be feasible, and we have to resort to a numerical calculation.
C. Computation of the Diffraction Efficiency
We divide a PSHB sample into R identical ␦z-thick slices.
Each one is thin enough to satisfy the small-opticaldensity condition ␣ 0 ␦z Ӷ 1. A sample with arbitrary optical density may be dealt with by this method by changing the total slice number. The burning energy is also divided into small units W 0 . During the time separation between two bursts of energy the molecule returns to a stable state. Each elementary dose can be regarded as a perturbation, i. n(⍀, r␦ z, x, ͉Ј) is the result of the previous dose transmission, and the front side value of W 0 ͓(r Ϫ 1)␦ z, x, ͔ is nothing but the energy distribution on the backside of the precedent slice. The absorption coefficient at r␦ z, ␣(r␦ z, x, ), and its z-integrated value up to r␦ z, A(r␦ z, x, ), are computed from n(⍀, r␦ z, x, ͉Ј). From the first two Fourier coefficients of A(r␦ z, x, ) the diffraction efficiency (r␦ z, ) of a r␦ z-thick slice is computed with the help of Eq. (5.10). This quantity is saved to data files.
Then the absorbed energy is calculated as
and is used to obtain the output energy W 0 (r␦ z, x, ).
One also computes the burning action of W 0 ͓(r Ϫ 1)␦ z, x, ͔. The resulting modification of the molecular distribution reads as
The molecular distribution is updated as n(⍀, r␦ z, x, ͉Ј) ϩ ⌬n. The calculation is iterated from the front side of the PSHB plate to the distance L ϭ R␦ z. Then an additional elementary dose is directed to the front side of the plate.
D. Numerical Results
The saved values of (r␦ z, ) form a two-dimensional array. One dimension represents the initial optical density ␣ 0 ()r␦ z/ln 10 of the sample that gives rise to the signal. The other dimension corresponds to the dose ␤Y 0 ϭ m␤W 0 that is used to engrave the diffracting hologram. The efficiency factor ␤ () is set constant over the ⌬-wide frequency interval, in accordance with Ref. 2. Therefore, for various initial optical densities, and various excitation bandwidths, we can plot the diffraction efficiency as a function of burning dose. Two of these curves are displayed on Fig. 4 . The initial optical density is OD ϭ 1.5, and the burning bandwidth ⌬ is set equal to 0.02⌫ in (curve a) and 0.4⌫ in (curve b). These two cases are studied as the examples of narrowband and broadband storages. The 0.02⌫ in -wide recording can be regarded as a case of nonredistribution since ⌬ Ӷ ⌫ in . The storage bandwidth 0.4⌫ in is of the order of magnitude of ⌫ in , and the spectral redistribution has to be taken into account.
According to Fig. 4 , the diffraction efficiency does not depend on the burning bandwidth in the small-dose region. As the burning energy is increased, the diffraction efficiency grows less rapidly in the broadband recording situation than in narrow-band burning conditions, and it saturates at a lower value. In order to get a physical picture of these features, let us consider the class of molecules with resonant transition frequency . Broadband excitation of the sample makes some molecules leave the frequency class at , while some molecules from various frequency classes Ј inside the excitation bandwidth are transferred to . Departure from results in the etching, inside the molecular distribution, of the spectral structure conveyed by the burning light. This is the hologram that diffracts the probe pulse. On the contrary, molecules that arrive at originate from different phase regions in the writing-beam interference pattern. The scrambled spectral structure that they build at frequency does not contribute to the diffracted signal. Therefore the diffraction efficiency does not depend on the storage bandwidth in the small-dose region. As doses are accumulated, the sample is more deeply bleached and the signal is less absorbed. However, the molecules that arrive at from Ј, in the broadband situation, partly compensate for the absorption reduction. At a given spectral density of burning energy, the signal is thus expected to decrease as the storage bandwidth is enlarged.
Narrow-band burning does not depend on the fate of photoproducts. In this situation our results are expected to coincide with those of Ref. 9 , where photoproducts are supposed to disappear from the absorption band. This is indeed illustrated by curve (a) in Fig. 4 , which is consistent with the map presented in Fig. 2(b) of Ref. 9 , where exposure f 0 is twice our dose parameter ␤Y 0 .
EXPERIMENT A. Experimental Setup
We designed an experiment to check the redistribution model. An OEP/PS sample is used as a memory medium. Its maximal absorption (OD ϭ 1.8) is located at 618.7 nm. The laser source is a Nd:YAG (with secondharmonic generation) pumped dye laser, delivering wideband chaotic pulses with 10-ns duration at 15-Hz repetition rate. The pulse separation is much larger than the triplet lifetime. Therefore radiative saturation, in the sense mentioned in Section 2, is avoided if each laser pulse only transfers a small fraction of the ground-state population to the triplet. The laser beam is directed to a two-grating spectral shaper 1, 13 (Fig. 5) . Spectral shaping is based on the spatial separation of spectral components that are then recombined into a single beam. An adjustable slit, mounted on a translation stage, is positioned in the focal plane between the two gratings. It is used to control the width and the central position of the writing and the readout pulse spectra, with a precision of 80 GHz at ϳ620 nm. The reference and the object pulses are both split from the beam that emerges from the spectral shaper device so that they both exhibit the same spectral and spatial distribution. The optical path of the object pulse is 2 cm longer than that of the reference pulse. Therefore a time interval ϳ 60 ps is maintained between the pulses. It should be stressed that the pulse duration does not have to be shorter than the delay . Instead, the theoretical analysis relies on assumption ⌬ Ϫ1 Ͻ [see Eq. (4.3)]. The angle between the two beams is adjusted to be ϳ0.01 rad. In our sample with thickness L ϭ 0.5 mm the phase-matching condition L 2 / Ӷ 1 is satisfied. The focused beams illuminate an area of ϳ0.25 mm 2 on the sample. For recording a hologram one sets the slit position to 618.7 nm and adjusts its width to ⌬. The shutter before the sample is removed. The engraving processes are accumulated by successive pairs of pulses. The energy of the pulse pair w 0 (in joules) is measured with a pyroelectric joulemeter (Molectron J9LP) placed just before the cryostat, where the sample is immersed in superfluid liquid helium. The incident energy dose per spectral unit during t seconds is calculated as
For probing, one sets the slit to its minimal width (80 GHz), and the object beam is blocked. A neutral-density filter (usually OD ϳ 3) is inserted before the cryostat to attenuate the probe intensity. The diffracted signal is detected in the direction of the object beam on a photomultiplier (RTC XP101, with S20R photocathode), while the translation stage is scanned. In summary we are able to vary the width of the storage window and the exposure dose, and to spectrally analyze the diffraction on the engraved holograms.
The tunable beam is also used to obtain the absorption spectrum of the sample. When the object beam is blocked, the reference beam through the narrow spectral slit is directed to the sample with an attenuated intensity. The transmitted light is detected on the same photomultiplier in the direction of reference beam. We also detected the laser spectral profile in the same way after removing the sample.
B. Diffraction Spectra
Two series of recording are achieved. In the first, the spectral width of the recording window is set equal to 80 GHz. It is much smaller than the inhomogeneous width (4 THz). In this situation, most of the burnt molecules fall out of the excitation region and cannot be switched back to their original frequency by the driving field. The diffracted signal is recorded as a function of the exposure. The same quantity is monitored in the second series of experiment, but the recording window is enlarged to 1.56 THz, which is ϳ0.4⌫ in .
The narrow-band and broadband holograms, at a given dose spectral-density value, are both recorded on the same sample spot. In this way the comparison of their respective diffraction efficiencies is not spoiled by a possible homogeneity defect of the sample. A narrow-band hologram is recorded and detected first. Then it is overwritten by a broadband one. Owing to the great difference of bandwidths between two recordings, the broadband hologram is hardly affected by the previously engraved narrow-band one. The average pulse-pair energy spectral density is adjusted to 0.86 J/ THz /shot for all recordings. The exposure dose is controlled by the exposure time; 16 holograms are recorded on 8 spots, corresponding to the exposure times from 30 s to 16 min. After each recording, the attenuated reference beam, with its spectral width reduced to 80 GHz, is directed to the engraved hologram. The diffracted energy is measured as a function of the probe-beam wavelength, which is scanned over a 2-THz interval. An example of the diffracted signal spectra is plotted in Fig. 6 . At each sample spot, a narrow peak on the broad spectrum is the remnant of the narrow-band recording. The diffracted energy on the broadband hologram, at the frequency of narrow-band engraving, is obtained by interpolation at this frequency. For both recording widths the signal initially increases with the dose, then reaches saturation. But, depending on the storage width, it evolves at different rates and saturates at different levels. For quantitative analysis the experimental and theoretical evolution curves have to be compared.
The theoretical evolution of the diffraction efficiency in subsection 5.D is expressed as a function of the dimensionless parameter ␤Y 0 ϭ m␤W 0 , which represents the accumulated exposure. Comparison with experimental results requires that we find the relationship between this dose parameter and the measured spectral density of energy. This is done with the help of a simple holeburning experiment.
C. Calibration of the Dose Scale by Hole Burning
According to Eqs. (2.2)-(2.9) and (4.8), the z-integrated absorption in the small-dose narrow-band limit reads as
which expresses A() as a linear function of the dose parameter ␤Y 0 . In a narrow-band hole-burning experiment we plot the hole depth versus the burning dose. From the slope of the curve at the origin, with the help of Eq. (6.1), we relate the dose parameter ␤Y 0 to the experimental energy scale. The hole-burning experiment is performed with the setup depicted in Fig. 5 , where the reference path is blocked. The object beam alone is used alternatively as the burning beam and as the probe beam with an intensity attenuated by the neutral-density filter OD ϭ 3. The slit is always set to its minimal width. The pulse average energy is adjusted to w 0 ϭ 0.4 J/shot, corresponding to a spectral intensity 5.1 J/ THz/shot. Before burning, the initial transmission spectrum T before () of the sample is detected by scanning the probe-beam frequency. Then the position of the slit is fixed at 618.7 nm, and the sample spot is illuminated by the burning beam for 30 s. The transmission T after () is recorded after burning. The frequency-dependent modification of the optical density is calculated as
The hole depth is given by ⌬(OD) at 618.7 nm. Then the same spot is exposed to an additional dose, and the hole depth is detected again. With this method we get the curve of dose-dependent hole depth plotted in Fig. 7 . The hole depth first increases linearly with the burning energy, then saturates at higher energy. From the slope at the origin we conclude that
The hole-depth maximum does not exceed ϳ1.5 at the center of the line where the initial optical density is ϳ1.8. We attribute this incomplete bleaching to the existence of photoinactive molecules. We adjust the numerical computation of diffraction efficiency in order to take account of the nonbleachable component of the material. For that purpose we consider that the fraction 1.5/1.8 of the total amount of dye molecules is photoactive in each slice of the material, but that all the molecules contribute to light absorption. It should be noticed that the numerical parameter Y 0 actually represents a spatial and spectral density of energy, while the measured quantity Q exp is integrated over the laser spot surface. However, the calibration makes sense, provided the same beam size is used in both the hole-burning and the holography experiments.
D. Diffraction Efficiency as a Function of the Exposure Dose
The measured diffraction efficiency at 618.7 nm is plotted on Fig. 8 as a function of the burning dose. We have also plotted the diffraction efficiency that is measured at 618.7 nm at the end of the two-step engraving process and that results from the accumulation of successive narrow-band and broadband recordings. The theoretical curves corresponding to the three situations are drawn on the same figure. They are scaled to fit the experimental data. Curve (a) is for the narrow-band situation, (b) is for the broadband, and (c) is for the mixed one. The relevant units are given on the four sides of the graph.
The relative variations of the diffraction efficiency demonstrate a good agreement between the experimental results and the computed curves. However, the absolute value of the experimental diffraction efficiency is ϳ5 times smaller than expected from the theory. The origin of this discrepancy is not clear. The energy, the spectral distribution, and the spatial superposition of the beams were carefully controlled. The mechanical stability of the setup during hologram recording could be called into question, but the theoretical profile fits the experimental data over an exposure range that spreads from 30 s to 2 ϫ 16 min. Mechanical vibrations should affect the longexposure data more seriously. As for the dose scale, the hole-burning calibration, given by Eq. (6.3), disagrees with the scaling factor Q exp /(␤Y 0 ) ϭ 0.68 mJ/ THz that results from the fit of the computed curves to the diffraction data. This discrepancy probably results from the nonuniformity of the spatial energy distribution within the laser spot. Indeed, spatial energy distribution affects absorption hole burning and holographic diffraction in different ways since these two processes do not have the same degree of optical nonlinearity. In the numerical calculation the energy distribution is assumed to be uniform.
Although the 1.56-THz-wide storage window represents a noticeable fraction of the absorption band, the diffraction efficiency is not dramatically reduced by the redistribution of burnt molecules within the initial inhomogeneous profile. This feature revives the interest of symmetric porphyrine derivatives in the framework of optical data storage.
CONCLUSION
The tautomerization hole-burning mechanism in the OEP/PS system is a well known process. However, it has been mainly investigated under monochromatic burning conditions. We have extended investigation to broadband excitation, keeping in mind that we need a model to describe the storage and the retrieval of spectral holograms.
Starting with a microscopic model of the tautomerization process, we have built a coupled-wave theory that describes the propagation of light beams through the OEP/PS material. The theory covers extended ranges of excitation bandwidth and optical density. Therefore it connects conventional narrow-band hole burning with the engraving and retrieval of broadband holograms, in samples with possibly large optical density.
The cornerstone of the tautomerization model is the photoproduct spectral distribution. We assume that the photoproducts are distributed at random over the absorption band. Experimental results are consistent with this assumption. 
